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The concentrations of five essential elements and six potentially toxic elements were determined in seven organs collected at autopsy from 30 human subjects. Elemental analyses were carried out by graphite furnace atomic absorption spectroscopy, inductively coupled plasma emission spectroscopy, and inductively coupled plasma mass spectroscopy, and concentrations in fresh and formalin-fixed tissues were compared. Formalinfixation long-term storage has little effect on most element concentrations in tissue, except for Al and Mn, which changed with prolonged storage in formalin. The kidney and liver contained the greatest concentrations of toxic elements compared with other organs, whereas the essential elements were uniformly distributed among all organs. There was no more than a 10-fold difference in the tissue concentration of the elements studied among the organs, except for the concentration of Fe in liver, and Ca and Mg in bone. We also demonstrate that these elements are homogeneously distributed in tissues.
Indexing Terms: toxicology/heavy metals/trace metals
In the past few years, there has been increasing interest in the role of toxic elements (heavy metals), particularly Pb (1), Cd, and Hg. While most testing is performed on blood or urine, follow-up analysis of tissue has been useful in validating the more dynamic findings often associated with fluid specimens.
Most toxic elements affect multiple organ systems, with specific biochemical processes and (or) organelles as targets. Interest in essential elements is mostly directed toward identifying deficiency states, whereas heavy-metal testing is of interest in the diagnosis of toxicity.
The toxic effect of the elements usually involves an interaction between the free metal ion and the specific target protein. Cells of organs involved in the transport of trace metals, i.e., muscle, liver, renal tubular, or gastrointestinal cells, are particularly susceptible to toxicity. Most of these elements are concentrated intracellularly; heavy metals deposit in tissue after exposure. Blood and urine only reflect the amount of element circulating at the time of sampling, which may not be related to the degree of exposure. Hair analyses indicate past exposure, but are not always reflective of body burden. Therefore, tissue biopsies for elemental analysis can aid in the diagnosis of disease related to chronic exposure. Tissue concentrations have been reported several ways. The most frequently used are g/g of ash, g/g of dry weight, and g/g of wet weight. Tissues were often ashed in the older techniques, spark source optical emission and mass spectrometry, which performed best with dry ashed samples. However, the water content within tissues varies considerably among individuals and types of tissue, thereby increasing the variability in element concentrations.
We report our results as g/g dry weight because it allows us to relate fresh tissue findings with formalin-fixed (i.e., partially dehydrated) concentrations.
Several recent studies have examined different element concentrations in either fresh (2, (4) (5) (6) (7) (8) or fixed tissues (2, 3, (9) (10) (11) (12) , but none has related the two.
The purposes of our study were (a) to determine whether element concentrations within a tissue type were homogeneously distributed; (b) to determine whether formalin fixation alters tissue element concentrations; and (c) to establish a reference range for toxic (Al, As, Cd, Hg, Mn, and Pb) and essential (Ca, Cu, Fe, Mg, and Zn) elements in a range of tissue types collected under routine autopsy conditions.
Materials and Methods

Sample Collection
Fresh tissue was collected at the time of autopsy according to a protocol reviewed and approved by the Mayo Foundation Institution Review Board for appropriate use of human tissues. On the basis of autopsy findings, review of previous diseases, and lifestyles, each subject was presumed to be healthy at the time of death or had had a disease not likely to cause aberration in metal content. All samples were collected and processed within ii h after death (5.8 ± 3.46 h). Standard autopsy dissection procedures were used to remove organs for study. This protocol was designed to simulate, as best as possible, standard procedures used by autopsy laboratories.
Specimens were collected with use of stainless steel cutting tools and were handled with latex or rubber gloves before being placed in polypropylene storage containers. The bodies were refrigerated from the time of death to autopsy. At least 5 g of sample was obtained from each of the following organs: brain cortex, kidney cortex, kidney medulla, liver, heart, skeletal muscle, and bone. A portion of each sample was placed directly into a labeled, acidwashed, metal-free plastic container (Sarstedt, Newton, NC) for transport to the laboratory. Pubic hair was collected and washed three times with 10 mIiL Triton X-100 (Fisher Scientific, Itasca, IL) and rinsed with distilled water prior to digestion.
To test whether the collection process affected results, we further dissected with a quartz knife the fresh tissue taken to the analytical laboratory, and harvested for analysis a section of tissue from the inner part of the specimen that had not been exposed to the autopsy cutting knife. Also, the tissue preserved in formalin was tested to determine whether contamination had occurred.
The causes of death of the subjects were as follows: 13 trauma, 9 acute myocardial infarction/cardiac arrest, 2 CO poisoning, 3 drug overdose, 2 acute respiratory distress/asphyxiation, and 1 aneurysm. There were 12 women and 18 men, ages 18-85 years. Six subjects were known to be tobacco smokers and 9 were nonsmokers.
Smoking status for the remaining subjects was not known.
Fresh vs Forrnalin Fixation
Each sample of tissue, except hair, was split into two portions with an acid-washed quartz knife. One portion was digested and analyzed immediately.
The other portion was placed in an acid-washed, metal-free plastic container containing 100 mIJL phosphate-buffered formalin.
The NIST-1577a or DORM-i; however, our results are within 0.5 SD of the consensus value for NIST-1577a. All elements except Pb showed acceptable performance (CV 10%).
The certified value for Pb was below the detection limit of our procedure, resulting in the calculation of a high CV. The variability observed for each element is reflective of specimen and analytical processing.
Assay Technique
Essential elements were analyzed by ICP-ES (14) with a Perkin-Elmer (Norwalk, CT) Model 2000 instrument. Peak areas from element emission lines were determined.
The emission lines monitored were: Ca 315.9 nm, Cu 324.7 nm, Fe 259.9 nm, Mg 293.7 nm, and Zn 213.8 mu. Heavy metals, except Hg, were determined by GFAAS with a Perkin-Elmer Model 5100 instrument.
Instrument conditions varied for each element and are shown in Table 2 . Hg concentrations were determined by cold vapor atomic absorption spec- Confidence intervals for the differences between fresh and formalin-fixed tissues were 0.8 calculated for each element.
Results
lntraorgan Variability
An assessment of variability of element concentrations within a single organ was performed for brain, liver, and kidney. Statistical analyses to evaluate potential variability in element concentrations between the different areas of the brain (Table 3) or liver (Table  4) were not performed because of the small sample size (n = 5). Samples of kidney cortex and medulla were collected from all 30 subjects. These data are represented in Table 5 . A typical pattern of element distribution within brain is represented by Fe and Mn in Table 3 . The inner portions of the brain contain slightly greater concentrations of essential and heavy elements than the cortical regions. Element concentrations in gray and white matter are given in Table 5 . Gray matter contained higher concentrations of Ca, Cu, Cd, Hg, Mg, and Zn than white matter. The reverse was true for Fe and Mn. Table 4 summarizes the liver distribution observed by sampling six sites from each liver of six different subjects. No significant differences were found between the kidney cortex and kidney medulla (P <0.01), although the absolute mean values for most elements appeared different. This is probably due to the wide variability between subjects, as indicated by high standard deviations. A larger sample size may show different results.
Effects of Formalin Fixation
Comparison of element concentrations in fresh and formalin-fixed tissue were performed in all sample organs from all 30 cases except for the heart. The sample size obtained for heart was smaller (n = 21) because normal hearts are frequently taken for perfusion studies or instructional purposes, and thus were not available for this study. Plots of the 99% confidence intervals for the differences between fresh and formalin-fixed tissues are shown in Fig. i Essential Elements Table 5 shows our reference ranges and Fig. 1 shows the 99% confidence interval plots for Ca, Cu, Fe, Mg, and Zn in fresh and fixed tissue. No significant differences were seen among any of the fresh and fixed tissue for Ca, Mg, or Zn. No Cu was detected in bone (Fig. 1A) . The detection limit for Cu on the ICP-ES was -2 ng/g. The gray matter of brain (20 ± 7 i.g/g) and liver (20 ± 12 g/g) contained the highest amounts of Cu compared with other organs.
Liver contained the highest concentration of Fe (825 ± 491 Lg/g) compared with other tissues, whereas bone contained the least amount (54 ± 30 g/g). No significant differences between fresh and formalin-fixed tissue were noted for Fe in any of the organs (Fig. iB) . A large variation between subjects was observed, as indicated by the large standard deviation. Variability between fresh and fixed tissue is the least in liver.
Kidney and heart demonstrated the greatest variability between fresh and fixed tissue for Ca (Fig. 1C) , whereas bone exhibited the greatest variability for Mg ( Fig. iD) , although no differences were significant. Two factors may be responsible for this variability: The The tissues richest in Zn include liver (i9i ± 56 g/g), kidney cortex (ii87 ± 47 p.g/g), kidney medulla (1i6 ± 56 g/g), and muscle (244 ± 60 zgIg). Tables 5 and 6 show our reference ranges, and panels F-J of Fig. i show the toxic element confidence intervals for differences between fresh and fixed specimens. No As was detected in any organs studied. Bone was the only tissue containing measurable amounts of Pb (see below). Most of the toxic elements detected were present in higher concentrations in the kidney and liver than in the other tissues. These distributions are consistent with the physiologic detoxification of toxic elements, in which the liver and kidney are the primary organs involved. No Hg was detected in bone. The GFAAS peak areas for all of the undetected amounts of As, Hg, and Pb were equal to or less than those of the blank. The detection limits for As, Hg, and Pb were 15 g/g, 5 ng/g, and 5 g.t.g/g, respectively.
Toxic Elements
None of the tissues exhibited significant differences in heavy metal concentrations between fresh and fixed samples. Figure iF shows the comparison of Cd concentrations between fresh and fixed tissue among the different organs. Cd concentrations (g/g) were highest in kidney cortex (104 ± 85), kidney medulla (30 ± 30), and liver (5 ± 3) ( Table 5) . No significant differences were found between fresh and formalin-fixed tissues. Hg is distributed among several tissues in the body, including muscle, liver, kidney, blood, skin, and brain. In this study of presumably unexposed normal individuals, total Hg was detectable in all tissues except bone (Fig. 1G) . Kidney cortex (3 ± 3 g/g) and medulla (2 ± 2 .tg/g) contained the highest concentrations of Hg (Table 5) . No significant differences in Hg concentrations were found between fresh and fixed tissue. Table 5 and Fig. 1H show the Mn concentration measured in fresh and fixed tissue. Mn is an essential microelement and is found in all tissues. The kidney (5 ± 1.7 .&g/g for cortex and 3 ± i.4 g/g for medulla) and liver (4 ± 1.6 g/g) contained the highest quantities of Mn in the tissues analyzed. We detected Pb only in bone and hair (Fig. ii) . No significant differences were found between fresh (2.2 ± i.5, range 0. 23-6.45 p.g/g) and formalin-fixed (i.9 ± i.4, range 0.37-5.86 g/g) bone (n = 30). Hair samples were not fixed in formalin, but were digested as fresh tissue only. Of the elements analyzed in hair (Table 6) , Pb showed the highest concentration (3 ± 3 g/g). Trace amounts of Al were detected in all tissues (Fig.  1J) . Table 5 shows that bone contained the greatest quantity (1.8 ± 2.5 g/g), followed by liver (1.2 ± 0.7 g/g). Other tissues contained <0.7 g/g Al.
No significance differences were found between fresh and formalin-fixed tissues for Al after 1 week of storage. However, on storage in formalin, Al concentrations rose significantly over time (Fig. 2A) . The mean value of Al at time zero was 0.9 g/g, which increased to 1.5 g/g after 6 months of storage in formalin, and 2.3 Lg/g after 1 year of storage. We were unable to define a source for this increase.
No significant differences were found between fresh and formalin-flxed tissues for Mn after 1 week of storage (Fig. 2B ). However, a significant decrease in Mn concentration was noted in tissues stored in formalin for prolonged periods.
The mean value of Mn in tissue at the time of fixation was 6 g/g, which de- creased to a mean of 4.5 jg/g after 6 months of storage, and 3.8 g/g after 1 year. We assume this change was due to leaching, but have no evidence.
Hair Samples
The heavy metal concentrations in hair are documented in Table 6 . Pb (2.8 ± 2.6 g/g) and Al (8 ± 7.5 g/g) were present in the highest concentrations, followed by Mn (1.5 ± 1.3 g/g), Cd (0.4 ± 0.6 A.g/g), Hg (0.3 ± 0.2 g/g), and As (0.3 ± 0.3 p.g1g).
Discussion
Precision, Accuracy, and Recovery
Demonstration of accuracy and precision in tissue analysis can be readily accomplished by replicate measurement of certified samples. For this study, we selected two internationally recognized control samples with documented element concentrations: the NIST bovine liver sample (NIST-1577a) and the Canadian National Research Council fish muscle sample (DORM-1). The results in Table 2 demonstrate that the tissue preparation and analytic procedure described here provides for accurate analysis of these tissue samples. The mean value for each element measured by this technique was within the acceptable range of certified values for these tissue samples. The value for Al is not certified in either sample, but the NIST-1577a sample certificate indicates a consensus value derived by reputable laboratories from around the world. Precision, measured by CV, ranged from 1.6% to 25.8%, (mean 8.3%). This degree of precision is typical of many tissue assay techniques (2) (3) (4) (5) (6) (7) (8) (9) (10) . Documentation of recovery of elements from tissue is difficult, and can only be done with controlled feeding experiments with stable isotopes. This was beyond the scope of this study, and could not be performed, since all samples studied were of human origin. The accurate and precise analysis provided by this method, however, strongly suggests complete recovery of the analytes.
lntraorgan Variability
This study confirmed our previously reported (15) (16) (17) findings that Cu and Fe have a homogeneous distribution in the liver, and showed that this is true for the other elements measured. We further showed that element concentrations tend to be slightly higher in the inner portions of the brain and gray matter than in the cortical regions and white matter. (18, 19) . Crapper et al. (18) found Al values of 0.5-2.7 g/g dry weight in the frontal lobe of control brains, but did not differentiate gray and white matter. They suggested that Al was not homogeneously distributed in the brain of cats, but this was not clearly apparent from their data. We found a mean of -0.3 and 0.4 g/g dry weight in gray and white matter, respectively. Uitti et al. (20) showed the frontal cortex (1.9 g.g/g) to have lower Mn concentrations than caudate (3.6 gig), substantia nigra (3.0 g/g), or cerebellum (3.1 g/g). This distribution pattern was consistent with ours, although our values were approximately half those of Uitti et al. We are not aware of any other studies examining brain distribution of heavy elements. We found no significant differences in the essential elements between the kidney cortex and kidney medulla, although wide variabilities between the subjects were found. In contrast, Netsky et al. found Zn concentrations in kidney cortex to be significantly greater than in kidney medulla (9). The heavy elements Cd, Hg, and Mn were more concentrated in the kidney cortex than in the medulla.
In conclusion, limited or no intraorgan variability was found in the liver or kidney for the essential elements. Slight differences in Al, Ca, Cu, Fe, Mg, Mn, and Zn were noted among different regions of the brain. No intraorgan variability for the heavy metals was found in the liver, but differences did exist in different areas of the kidney and brain. Therefore, the site of sampling may be important in sampling these two organs.
Formalin Fixation
Formalin fixation does not appear to influence most of the element concentrations in any of the organs analyzed.
Ca and Mg concentrations may be adversely affected by phosphate-buffered formalin fixation. We have also shown that Al increases and Mn decreases with time after fixation.
Reference Ranges
Postmortem autolysis is bound to result in the exchange of intracellular and extracellular components. No studies on element tissue analyses and delay between death and autopsy in humans have been published. Iyengar compared postmortem changes of elemental composition of autopsy specimens in rats stored at different temperatures for 1-3 days (6). He showed that some variations in element concentration occurred after 1 day, but postmortem changes could be reduced by cold storage of the body (6) . Since all samples for our study were collected and processed within 11 h of death (5.8 ± 3.46 h), postmortem changes in our subjects were minimal.
Essential Elements Table 5 shows that liver (20 ± 12 tgig) and brain (20 ± 7 g/g) contain the greatest amounts of Cu. The Cu concentrations in fresh liver (9-55 ig/g) were nearly identical with those obtained by Johnson (8-53 g/g) (7). The liver is known to be the chief storage organ for Cu, and Cu also plays a critical function in maintaining the integrity of the central nervous system. Of the organs studied, liver contained the greatest quantity of Fe, skeletal muscle and bone the least ( were highest in kidney and liver (Table 5) . Cd is rapidly cleared from the blood and accumulates in the kidney and liver, which contain approximately two-thirds of the total body burden of Cd (8) . Following exposure, Cd concentrations in liver exceed those in the kidney; however, the metal is redistributed to the kidney with time, which accounts for the longer biological half-life of Cd in kidney (25-40 years) than in liver (up to 20 years). Cd concentrates in the proximal tubules of the nephron.
Johnson (7) determined hepatic Cd concentrations to be 1-27 g/g dry weight, which is consistent with our range (0.6-16.2 gIg). Smith et al. suggested that toxic amounts of Cd in the liver occur at >624 g/g dry weight (23) . The kidney concentrations shown in Table  5 workers are significantly greater (60-150 mgfL in blood, and 50 to >200 jg/g in hair) when compared with control subjects (0-2 mgfL in blood and <10 .tg/g in hair) (25) . Tissue biopsies are rarely obtained for determining occupational exposure; we can find none reported.
Brain Mn concentrations have been reported in Parkinson disease at 2.6 ± 0.5 tg/g in frontal cortex and 6.8 ± 4.9 g/g in substantia nigra (20) , which do not differ from normal values reported by Johnson (7) . Current evidence suggests that these symptoms might result from Mn-catalyzed autoxidation of dopamine with subsequent accumulation of degradation products and oxygen radicals. Hair samples are used to the assess the possibility of heavy metal toxicity. Heavy metals are easily incorporated into hair because of the high content of sulfhydryl groups in hair, and most heavy metals have a high affinity for sulfhydryl groups. Except for Mn, our results fall within the ranges reported by Tsalev and Zaprianov (24) . They reported mean hair Mn values to be -1 gIg, whereas we found -2 gIg. It is unlikely that our results are compromised by external contamination; we took great care to clean the samples prior to digestion and analysis. The ranges determined in this study represent individual concentrations of exposure to these elements.
In conclusion, this study showed that the distribution of most elements in the brain, liver, and kidney are homogeneous.
The exceptions include Al, Mn, the essential elements (Ca, Mg, Cu, Fe, and Zn) in brain, and Cd and Hg in kidney. However, few studies have examined heavy metal concentrations in a variety of tissues. It was difficult to compare our results with some previous studies because of the wide differences in the techniques used in sampling, tissue digestion, and method of analysis. We chose to compare our data with previously published studies involving techniques similar to ours in sample handling, digestion, analysis, and reporting. We have established a reference range for essential (Ca, Mg, Fe, Cu, and Zn) and toxic (Al, As, Cd, Hg, Mn, and Pb) elements in seven different tissues, with data documenting that fresh and formalin-fixed tissues yielded virtually the same result for most of these elements (Al and Mn being the exceptions). Our data are consistent with the previously determined values.
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